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The interaction between the C-terminal binding protein 1 (CtBP-1) and purified Ad12 E1A protein has been examined
through the use of a combination of biophysical techniques. A fragment equivalent to the 77 C-terminal amino acids of Ad12
E1A (Ad12 77-a.a. E1A) was generated by limited proteolysis of Ad12 266-a.a. E1A at Phe187 and/or Tyr189 using chymotrypsin.
The impact of deletion of the 189 N-terminal amino acids from E1A on the equilibrium dissociation constant Kd for binding
to CtBP was assessed using ELISA in vitro binding assays and intrinsic fluorescence spectroscopy. Values of Kd of 4.0 and
38 nM were determined for full-length and truncated forms of E1A, respectively. Circular dichroism spectroscopic studies
revealed that the conformation adopted by these polypeptides is dependent on the surrounding environment, which is
predominately randomly folded when free in solution, but adopting a more ordered a-helical secondary structure in the
presence of trifluoroethanol. Using nuclear magnetic resonance (NMR) spectroscopy to examine the interaction between Ad
E1A and CtBP it was observed that the chemical shift positions of individual backbone amide nitrogen atoms were well
resolved in 15N-1H-HSQC NMR spectra performed on samples of isotopically 15N-labeled Ad12 77-a.a. E1A. In the presence
of CtBP, signals of backbone amide nitrogen atoms displayed increased linewidth consistent with an increase in molecular
mass upon binding CtBP. In addition, some signals that have been attributed to Val254/256 and Leu259, and reside within the
binding site for CtBP on E1A, are shifted in the 15N- and/or 1H-dimensions, defining specific contacts between E1A and CtBP.
These data suggest that structural determinants in the C-terminal PXDLS binding motif in the rest of exon 2 and in exon 1
all contribute to optimizing the conformation of the binding site on Ad12 E1A for CtBP. However, no interaction was observed
between CtBP and truncated Ad12 E1A, which no longer contained the C-terminal binding motif. © 2000 Academic Press
a
sINTRODUCTION
The major adenovirus early region 1A gene product
(Ad E1A) is a multifunctional protein producing profound
biological effects in host cells. These include initiation of
cell cycle progression, inhibition of differentiation, and
induction of apoptosis (reviewed in Boulanger and Blair,
1991; Bayley and Mymryk, 1994; and Shenk, 1996). Ad
E1A has been demonstrated to bind a number of host
cell regulatory proteins, predominantly through regions
of amino acids conserved (conserved regions: CR)
among E1As from different virus serotypes (Moran and
Mathews, 1987). For example, the transcriptional regula-
tor p300 interacts through residues present in the N-
terminal region and CR1 (amino acids 40–80 in Ad5)
(Yaciuk and Moran, 1991; Wang et al., 1993). In addition,
residues present in CR1 and CR2 (amino acids 121–140)
form the site of interaction with pRb and related proteins
p130 and p107 (Whyte et al., 1989). Similarly, amino acids
located toward the N-terminus of E1A (Lipinski et al.,
1997) together with conserved region 3 (amino acids
139–189) form the binding site for the general transcrip-1 To whom correspondence and reprint requests should be ad-
ressed. Fax: 144-121-414-4486. E-mail: r.j.a.grand@bham.ac.uk.
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156tion factor TBP (Lee et al., 1991; Horikoshi et al., 1991;
Geisberg et al., 1994).
E1As from different serotypes share a further short
homologous sequence located very close to the C-ter-
minus, which has been shown to be a site of interaction
for the C-terminal binding protein (CtBP) (Boyd et al.,
1993). This binding site appears to be the major con-
served motif in the region encoded by exon 2, which
comprises 76 residues (in Ad12). This C-terminal domain
has been shown to influence the extent of transforma-
tion; in addition, deletions within the region enhance the
tumorigenicity of cell lines transformed with Ad E1A and
activated ras (Boyd et al., 1993). Interestingly, the C-
terminal region of E1A has also been implicated in reg-
ulation of CR1-dependent control of transcription (Soller-
brant et al., 1996). These activities of E1A are attributable
to interactions with a 48-kDa nuclear phosphoprotein,
the C-terminal binding protein. The binding site on E1A
for CtBP comprises, minimally, a five-residue sequence,
279PLDLS283 in Ad5 and 255PVDLS259 in Ad12 (Schaeper et
l., 1995), which is adjacent to the nuclear localization
ignal (Lyons et al., 1987).
Significantly, a number of cellular proteins containing
the consensus PXDLS motif, where X usually represents
a hydrophobic residue, have been isolated and cloned.
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157BINDING OF CtBP-1 TO Ad12 E1AThus, CtBP has been shown to interact with the 125K
C-terminal interacting protein (CtIP) in human cells
(Schaeper et al., 1998). CtIP interacts with CtBP through
a PLDLS sequence and that complex is disrupted by Ad5
E1A in vitro (Schaeper et al., 1998). Similarly, CtIP has
een demonstrated to bind to tandemly repeated BRCT
omains present within the C-terminus of the tumor-
uppressor protein BRCA1 (Yu et al., 1998). It has been
roposed that the interaction of BRCA1 with CtIP might
e required for tumor suppression (Yu et al., 1998), while
RCA1–CtIP interactions, presumably regulated by CtBP,
re considered to be important for regulation of p21waf/cip1
expression (Li et al., 1999). Evidence, recently presented,
ndicates that CtBP functions as a transcriptional co-
epressor (Sewalt et al., 1999; Furusawa et al., 1999;
eloni et al., 1999). Interestingly, a number of further
tBP partner proteins from Drosophila have been iso-
ated using a yeast-2 hybrid system (Nibu et al., 1998;
oortinga et al., 1998). These target proteins include the
hort-range transcription repressors Hairy, Knirps, and
nail, which, again, interact with CtBP through con-
erved PXDLS motifs. CtBP-1, which was originally char-
cterized, is a member of a family of homologous pro-
eins, including CtBP-2 and CtBP/BARS (Katsanis and
isher, 1998; Spanfo et al., 1999; Weigert et al., 1999).
Very little has been published on the structure of E1A,
lthough in a recent study we showed that a synthetic
eptide equivalent to the 20 C-terminal residues of E1A
nd encompassing the CtBP-binding site adopts a b-turn
conformation in solution (Molloy et al., 1998). In the work
described here, we have used a combination of biophys-
ical techniques to compare interactions of exon 2 of E1A
(the 77 C-terminal amino acids) and intact E1A with
CtBP-1 in an attempt to determine to what extent amino
acids encoded by exon 2, but outside the PXDLS motif,
contribute to the interaction.
RESULTS
It is now well established that an essential element of
the binding site on Ad E1A for CtBP is contained within
the PXDLS motif located close to the C-terminus of the
molecule (Schaeper et al., 1995; Molloy et al., 1998). We
have also shown that amino acids just outside this short
sequence also play a role in determining the affinity of
E1A for CtBP (Molloy et al., 1998). In addition, it has been
demonstrated that several synthetic peptides containing
the PXDLS motif adopt a b-turn configuration over the
tBP binding site (Molloy et al., 1998, 2000).
In this study we have gone on to characterize the
nteraction between CtBP and a large C-terminal
olypeptide domain (encoded by exon 2) of Ad12 E1A,
hich contains the PXDLS motif. Interestingly, this regions predicted to be the most highly structured of Ad E1A,
ontaining a considerable proportion of the a-helix asell as a b-turn region in the CtBP-binding motif consis-
tent with our previous report (Molloy et al., 1998) (Fig. 1).
The Ad12 E1A 266-a.a. protein was purified after ex-
pression in E. coli, as previously described (Grand et al.,
1998). The polypeptide equivalent to exon 2 was pro-
duced by limited proteolysis of Ad12 E1A with chymo-
trypsin, where cleavage occurred at either Tyr189 or
he187. Ad12 77-a.a. E1A was purified to homogeneity by
on-exchange chromatography (Fig. 2A). The polypeptide
as seen as a single band on SDS–PAGE with an ap-
arent molecular weight of approximately 9.7 kDa (Fig.
A). The typical yield of Ad12 77-a.a. E1A was between 2
nd 4 mg from 12–15 mg of E1A. Purity of Ad12 77-a.a.
1A was confirmed by NMR spectroscopy. It can be seen
rom the spectra presented in Fig. 2B that upfield-shifted
ethyl 1H signals and downfield-shifted Ca-1H signals
resulting from b-sheet secondary structure are absent
from the Ad12 77-a.a. E1A sample, indicating that the
C-terminal domain largely adopts a randomly folded con-
formation in solution in water. In addition, there is a high
degree of signal overlap in the backbone amine 1H
signals, indicating the requirement for isotopic 15N-label-
ng to provide more detailed structural information (see
elow).
nteraction between E1A polypeptides and CtBP
Previously we have compared the affinities of intact
1A and short synthetic peptides containing the PXDLS
otif of Ad E1A for CtBP (Molloy et al., 1998). We have
now examined to what extent the properties of the 77
C-terminal residues of E1A mimic those of the full-length
molecule. Two approaches were adopted in an attempt
to determine the affinity of the polypeptide encoded by
exon 2 of E1A for CtBP.
First, ELISAs were performed and the data presented
in Fig. 3 demonstrate, once again, that bacterially ex-
pressed and purified Ad12 266-a.a. E1A binds to CtBP.
These data were analyzed using the standard binding
equation (see, for example, Molloy et al., 1998) and a
value of 4.0 nM obtained for the Kd is in good agreement
with our previous findings (Grand et al., 1998; Molloy et
al., 1998). A control experiment in which GST was used in
place of GST–CtBP confirms that interactions with E1A
are specific for the CtBP moiety of the GST-fusion protein
(data not shown). ELISAs were also performed using
Ad12 77-a.a. E1A and a value for Kd of 36 nM was
obtained by best-fit of these data using the standard
binding equation (Fig. 3). Thus, the polypeptide fragment
equivalent to the 77 C-terminal residues of Ad12 E1A
binds to CtBP approximately 8.5-fold more weakly than
its full-length counterpart protein. These findings sug-
gest that residues located N-terminal to Tyr189, the site
within Ad12 266-a.a. E1A for proteolytic digestion using
chymotrypsin, contribute significantly to the binding in-
teractions with CtBP.
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158 MOLLOY ET AL.Second, CtBP interactions with E1A were investigated
using a fluorescence spectroscopic approach. Thus, flu-
orescence of the seven tyrosine residues within CtBP
was examined. Figure 4 shows fluorescence spectra of
GST–CtBP in the absence and presence of Ad12 266-a.a.
E1A and Ad12 77-a.a. E1A. In each case, binding inter-
actions were evidenced by an appreciable decrease in
the fluorescence intensity of GST–CtBP with increasing
concentration of E1A protein. Overall, the reduction in
fluorescence intensity of GST–CtBP was approximately
17 and 8% in the presence of Ad12 266-a.a. E1A and Ad12
77-a.a. E1A, respectively (n 5 3). In contrast, little or no
difference occurred to fluorescence spectra of GST when
titrated with Ad12 E1A polypeptides. Thus, the twofold
difference observed in the fluorescence intensity of
GST–CtBP can be attributed, most likely, to differences in
the environment of the binding site on CtBP when bound
to the different forms of Ad12 E1A. These data were also
plotted as a percentage of emission intensity of GST–
CtBP in the absence of E1A protein against added
polypeptide fragment concentration (Fig. 4B and data not
shown) and allowed values for Kd of 4.8 and 38 nM to be
FIG. 1. Amino-acid sequence of Ad12 E1A protein used in this study.
Amino acids corresponding to the PXDLS motif, important for interac
roteolytic attack by chymotrypsin occurs at F187 and/or Y189 and is indi
elices and broad arrows under the appropriate amino-acid sequenc
www.apach.EmBL-Heidelberg.DE). Exon 2 of Ad12 E1A is considered t
are likely to be unstructured are denoted by C (for random coil), those
hose in a-helix by H (for helix).alculated for Ad12 266-a.a. E1A and Ad12 77-a.a. E1A
inding to GST–CtBP, respectively. These findings are inery good agreement with the ELISA data presented
arlier and also with our previous observations for Ad12
66-a.a. E1A (Grand et al., 1998; Molloy et al., 1998).
Binding of CtBP to Ad12 E1A polypeptides
In view of the observation that CtBP has a higher
affinity for intact Ad12 E1A than for the C-terminal do-
main, we considered the possibility that there might be
further binding sites for CtBP in exon 1 of Ad E1A, even
though available evidence suggested that this was not
the case. To generate fragments of Ad12 E1A, purified
protein was incubated with trypsin or chymotrypsin.
Polypeptides were fractionated by SDS–PAGE and trans-
ferred to nitrocellulose membranes. CtBP-binding pep-
tides were detected by incubating the membranes with
GST–CtBP, which was then visualized by normal Western
blotting protocols using a monoclonal antibody against
CtBP. All of the Ad E1A products were detected by re-
probing the membranes with a polyclonal antibody
against Ad12 E1A. It can be seen from the data pre-
sented in Fig. 5 that Ad E1A was rapidly degraded with
quences of full-length and truncated forms of Ad12 E1A are illustrated.
ith CtBP, are present at residues P255–S259. The site within E1A for
y an arrow. Regions of predicted a-helix and b-sheet are indicated by
uctural predictions are based on the PREDATOR prediction package
at P191 and terminate at N266. Amino acids involved in sequences that
bly involved in b-sheet are denoted by E (for extended structure), andThe se
tions w
cated b
es. Str
o beginboth proteases. CtBP binding was observed with intact
Ad12 E1A and with the smaller C-terminal fragment pro-
a
e
C are sh
o d 5 mM
159BINDING OF CtBP-1 TO Ad12 E1Aduced by cleavage with chymotrypsin (Fig. 5A). Incuba-
tion of Ad12 E1A with trypsin resulted in rapid loss of the
ability to interact with CtBP, even though, initially, only a
small peptide was lost from the C-terminus of the protein
(Figs. 5B and 5D). It was confirmed by amino-acid se-
quencing that the truncated polypeptides indicated had
N-terminal sequences TEMTP (residues 3–7 of Ad12
E1A). We have concluded that fragments of Ad E1A
containing the C-terminal region bind to CtBP but that,
FIG. 2. Preparation and one-dimensional NMR spectrum of C-termina
s outlined under Materials and Methods and the resulting C-terminal
luted with increasing concentrations of NH4HCO3. Aliquots from fracti
oomassie blue. Fraction number is shown. Molecular weight markers
f the 100-mM truncated form of Ad12 E1A in 50 mM MES, pH 6.7, anonce the C-terminal region is removed, the ability to
interact is also lost. It appears, therefore, that only thesingle, well-characterized PXDLS motif offers a site of
interaction. None is present in the remainder of the
molecule.
Structural properties of E1A probed by circular
dichroism (CD) spectroscopy
To investigate the secondary structural elements
formed over portions of E1A that might contribute to
77-a.a. E1A polypeptide. (A) Ad12 E1A was digested with chymotrypsin
nt purified by chromatography on DEAE cellulose. Polypeptides were
re subjected to SDS–PAGE and the peptide visualized by staining with
own on the left-hand side. (B) The one-dimensional 1H–NMR spectrum
deuterated DTT at 290K is presented.l Ad12
fragme
ons webinding interactions with CtBP, CD spectra of 266-a.a.
and 77-a.a. Ad12 E1A were recorded. The data (Fig. 6A)
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160 MOLLOY ET AL.show that Ad12 266-a.a. E1A adopts a predominantly
random conformation in aqueous solution. However, in
the presence of trifluoroethanol (TFE), this polypeptide
adopts an a-helical conformation that extends over ap-
roximately 20% of the amino-acid sequence (Fig. 6A).
he shorter Ad12 77-a.a. E1A component was also ex-
mined by CD spectroscopy and found to adopt a ran-
om conformation in aqueous solution (Fig. 6A). In the
resence of TFE, Ad12 77-a.a. E1A becomes more or-
ered and adopts a helical conformation over approxi-
ately 15% of its amino-acid sequence (Fig. 6B). These
ata, on the whole, are consistent with the structural
rediction shown in Fig. 1 with major areas of structural
olding propensity distributed throughout the protein.
owever, it is notable that appreciably more of the two
1A polypeptides are predicted to be helical (Fig. 1) than
as been observed using CD (Fig. 6).
tructural changes in the C-terminus of E1A upon
tBP binding
To assess in greater detail the conformational
hanges within the C-terminus of E1A upon interaction
ith CtBP, Ad12 77-a.a. E1A was prepared from isotopi-
ally 15N-labeled full-length E1A using chymotrypsin and
xamined by heteronuclear NMR spectroscopy. The 1H-
15N-HSQC spectrum of Ad12 77-a.a. E1A acquired in the
bsence of GST–CtBP (Fig. 7A) reveals that resonances
re well resolved and backbone amide nitrogen atom
FIG. 3. ELISA analysis of binding interactions between E1A polypep-
tides and CtBP. Varying concentrations of GST–CtBP were incubated
with Ad12 E1A 266-a.a. protein or the C-terminal 77-a.a. polypeptide
and analyzed using ELISA in vitro binding studies. Bound GST fusion
roteins were detected by incubation with an antibody against GST
see Materials and Methods). The averaged data from three experi-
ents (6 SD) are plotted against the concentration of GST protein. The
ines represent best fit of the data by the standard binding equation
sing values for Kd of 4.0 and 36 nM for Ad12 266-a.a. E1A (dashed line)
nd truncated 77-residue Ad12 E1A (solid line), respectively.orrelations with individual backbone amide proton sig-
als were assigned (Fig. 7). However, in the presence of
e
furified GST–CtBP (1:50 mol/mol) the majority of signals
isplay increased linewidth. In addition, some signals
labeled 1, 2, 3, 4, and 5, Fig. 7B) are shifted in the 1H-
and/or 15N-dimensions with respect to their chemical
shift positions in the absence of CtBP (Fig. 7A). These
findings suggest that some 15N-1H signals experience a
hange in the magnetic environment of the NH– group.
uch perturbations could arise from changes in the local
rotein structure, consistent with an increase in molec-
lar mass. When GST alone was added to Ad12 77-a.a.
1A, no such spectral changes were observed (data not
hown). We conclude that differences in the character-
stics between the two spectra are the result of binding
nteractions between Ad12 77-a.a. E1A and the CtBP
oiety of the GST–CtBP fusion protein. However, not all
f the peaks have been attributed to particular amino
cids. Based on 1H-TOCSY, 1H-NOESY, and 15N-TOSCY
xperiments (data not shown) some signals, in particular
he peaks labeled 1, 2, and 3 (Fig. 7), are considered to
e connectivities between the backbone amide nitrogen
nd amide proton atoms of Glu251, Val254, and/or Val256
and Leu259, respectively. These signals are very close to
the CtBP-binding site identified as minimally comprising
in Ad 12 E1A 255PVLDS259 (Schaeper et al., 1995; Molloy et
l., 1998). The generalized changes in the spectrum of
d12 77-a.a. E1A, however, indicate that there are struc-
ural changes occurring in much of exon 2 on interaction
ith CtBP. For example, the peaks labeled 4 and 5 in Fig.
probably represent amino acids not contained within
he PVDLS motif. Assignation of these to specific amino
cids will have to await more detailed investigation.
DISCUSSION
In the absence of any known enzymic activity attribut-
ble to Ad E1A it is now considered that the protein
unctions through a series of protein–protein interactions
ith important cellular components. Based on extensive
utational analysis our knowledge of the binding sites
n Ad E1A for the target proteins is considerable (see, for
xample, Bayley and Mymryk, 1994). One such interact-
ng species is C-terminal binding protein, which forms a
omplex through a highly conserved PXDLS motif very
lose to the C-terminus of E1A (Boyd et al., 1993;
chaeper et al., 1995). This amino-acid sequence has
een shown to be widespread, occurring, for example, in
ammalian and insect proteins (Schaeper et al., 1998;
oortinga et al., 1998; Nibu et al., 1998). Although the role
f CtBP in the normal cell is still not totally clear, evi-
ence so far presented suggests that it is involved in the
egulation of transcription, probably as a co-repressor
Sollebrant et al., 1996; Nibu et al., 1998; Poortinga et al.,
998; Furusawa et al., 1999; Meloni et al., 1999; Cano et
l., 2000). It seems reasonable to suppose that Ad E1A,
xpressed after infection or transfection, competes with,
or example, CtIP for CtBP, thus disrupting a complex
1
s
missio
ard bin
161BINDING OF CtBP-1 TO Ad12 E1Ainvolved in normal cellular transcription (Schaeper et al.,
1998). The binding sites for CtBP on CtIP and Ad E1A are
very similar in amino-acid sequence (Schaeper et al.,
998) and, significantly, peptides identical to the binding
ites in the two proteins form similar b-turn structures in
solution (Molloy et al., 1998, 2000).
In this study we have set out to examine to what extent
the amino-acid sequence encoded by exon 2 of Ad E1A
but outside the PXDLS motif has an effect on the inter-
action with CtBP. Furthermore, we considered that a
FIG. 4. Fluorescence spectroscopy of CtBP–GST in the presence of
Ad E1A. Ad12 266-a.a. E1A (top) and Ad12 77-a.a. E1A (bottom) were t
mM (ii) in the fluorescence cuvette and the spectrum was recorded.
presented as the percentage fluorescence intensity at each concentra
in the absence of target protein. Spectra are corrected for background e
of the fluorescence binding data for Ad12 77-a.a. E1A using the standcomparison of the structures of the large C-terminal E1A
polypeptide in the absence and presence of a partnerprotein might go some small way toward explaining
whether E1A is inherently highly structured or has struc-
ture imposed on it by interacting components.
Limited proteolysis of Ad12 E1A with chymotrypsin
gives rise to a large C-terminal peptide, which can be
purified in good yield (Fig. 2). Cleavage occurs C-termi-
nally to either Y189 or F187 (Grand et al., 1998) but not at
any of the hydrophobic amino acids that are C-terminal
to these, which might also be expected to provide rec-
ognition sites for chymotrypsin. We have previously
1A. (A) Intrinsic fluorescence spectra of CtBP–GST in the presence of
into 1.0 mM GST–CtBP to give concentrations of between 0 (i) and 2.5
eraged data for each concentration of E1A polypeptide (n 5 3) are
E1A protein relative to the initial fluorescence of GST–CtBP recorded
n resulting from E1A polypeptide and buffer. (B) Graphical presentation
ding function.Ad12 E
itrated
The av
tion ofshown that ELISAs can be used to determine the affinity
of CtBP for intact E1A and for synthetic peptides equiv-
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162 MOLLOY ET AL.alent to the CtBP binding site (Grand et al., 1998; Molloy
et al., 1998). The C-terminal 77-a.a. E1A polypeptide
inds to CtBP with an affinity somewhat less than that of
ntact E1A (Kd of 36 and 4.0 nM, respectively) but much
greater (2 orders of magnitude) than for synthetic pep-
tides identical to the CtBP-binding site (Kd in the micro-
molar concentration range [Molloy et al., 1998]). On the
asis of these results, it seems likely that the integrity of
he region encoded by exon 2 of E1A causes modifica-
ion of the structure of the PXDLS motif, giving rise to the
ppreciably increased affinity for CtBP compared to a
mall peptide covering amino acids 249 to 266 of Ad12
1A (see, for example, Molloy et al., 1998). Most inter-
stingly there is an eightfold difference in binding affinity
etween E1A 77-a.a. and full-length E1A (Fig. 3). Thus, it
s possible that the whole protein enhances the binding
f Ad E1A to CtBP as structural determinants within exon
might form contacts with the target protein. However,
revious immunoprecipitation studies using Ad E1A mu-
ants suggest that only the PXDLS motif plays a role in
inding to CtBP (Schaeper et al., 1995). Here we have
dopted a rather different approach, using CtBP as a
irect probe to visualize which part of Ad E1A will form a
omplex (Fig. 5). We have confirmed that loss of a short
equence from the C-terminus of Ad E1A (following tryp-
ic cleavage) results in loss of binding. The C-terminal
olypeptide encoded by exon 2, however, strongly bound
tBP in this assay. The large N-terminal region showed
o inclination to form a complex (Fig. 5D).
We have previously shown that peptides identical to
he CtBP-binding site on Ad E1A adopt a b-turn confor-
FIG. 5. Interaction of CtBP with Ad12 E1A polypeptides. Purified Ad1
for the times indicated in minutes (see Materials and Methods). Nitroc
detect CtBP bound to Ad12 E1A polypeptides (A and B) or with rat polyc
E1A that had been cleaved close to the C-terminus are indicated. Posation in solution, consistent with structural predictions
Fig. 1). Furthermore, the model presented in Fig. 1 sug-
i
tests that much of the (limited) folding propensity of E1A
esides in the C-terminal portion of the molecule. The
esults of the circular dichroism measurements (Fig. 6)
o some way toward confirming this prediction. It is not
et clear whether the helical structure of E1A present in
hat portion of the protein encoded by exon 2 but N-
erminal to the PXDLS motif enhances, or is necessary
or, interaction with CtBP.
On the basis of the data presented here, we suggest
hat Ad E1A belongs to that group of proteins, for exam-
le, amyloid peptides, whose main characteristic is their
elatively random structure in solution (Sticht et al., 1995).
he one-dimensional NMR spectrum of the C-terminal
omain of Ad E1A is not representative of that expected
or a highly folded polypeptide chain. Instead the notable
bsence of both upfield-shifted resonances of methyl
ignals in close proximity to aromatic residues and
a-1H atoms that result from b-sheet conformations in-
icates the presence of a randomly folded structure, also
onsistent with CD spectra of Ad12 E1A and Ad12 77-a.a.
n aqueous solution (Fig. 6) and the two-dimensional
MR spectrum shown in Fig. 7. Moreover, it seems
nlikely that preparation of E1A under denaturing condi-
ions is responsible for this lack of well-defined second-
ry structure since the polypeptide binds to CtBP and
ther binding proteins (Grand et al., 1998). Signifcantly,
amino acids known to be involved in the interaction with
CtBP (E251, V254, and L259) are seen to be perturbed in the
SQC–NMR spectra (Fig. 7).
These structural investigations of the E1A polypeptide
Figs. 3 and 4) present something of a paradox. Although
was incubated with chymotrypsin (A and C) or with trypsin (B and D)
e filters were probed with CtBP followed by appropriate antibodies to
ntibodies against Ad12 E1A (C and D). Both intact Ad12 E1A and Ad12
migration of molecular weight markers is also shown on the left.2 E1A
ellulost appears that there is relatively little long-range struc-
ure in Ad E1A, it is clear that the closer the protein is to
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163BINDING OF CtBP-1 TO Ad12 E1Aintegrity, the greater its affinity for CtBP. On this basis it is
possible that the N-terminus, although it appears largely
random coil, exerts an influence on the C-terminal-bind-
ing motif, subtly changing its structure in the presence of
target protein. Our blotting study (Fig. 5), together with
previous immunoprecipitation data (Schaeper et al.,
1995), confirms that there is no binding site for CtBP
FIG. 6. Far UV circular dichroism spectra of Ad12 E1A polypeptides.
he circular dichroism spectra of the (A) full-length (266-a.a.) and (B)
runcated (77-a.a.) forms of Ad12 E1A recorded in 15 mM Tris–HCl (pH
.4) are presented (0.015 mg/ml). Spectra were recorded at 23°C in the
bsence (upper line) and presence (lower line) of 20% (v/v) trifluoro-
thanol. Each spectrum represents the average of 20 scans. The solid
ines represent best fit of the data by a polynomial regression function,
ccounting for at least 2% (A, upper line), 20% (A, lower line), 1% (B,
pper line), and 15% (B, lower line) of polypeptide residues adopting
a-helical conformations between 220 and 235 nm.within exon 1 of Ad12 E1A. Therefore, we consider that
the amino sequence in the N-terminal two-thirds of AdE1A helps to give a structure to the C-terminal region
conducive to CtBP interaction, probably without forming
contacts itself with CtBP. Similar arguments may apply to
the interaction of Ad E1A with its other partner proteins.
Although the major binding sites for these proteins have
been defined by mutational analysis, it is quite possible
that structural motifs in the remainder of Ad E1A can play
a role in optimizing or regulating binding.
Based on the structural predictions (Fig. 1) and the
results of CD (Fig. 6) and NMR (Figs. 2 and 7) studies it
appears that there is relatively little long-range second-
ary structure in Ad E1A. However, there appear to be
areas that are predicted to be more highly structured
(Fig. 1), such as CR2 and CR3 and the C-terminal region.
We suggest, therefore, that Ad E1A is a mobile polypep-
tide chain able to bind a very large range of cellular
components. This mobility is probably essential for pre-
sentation of the binding sites in the correct orientation. It
seems likely, however, on the basis of this study, that
there exist certain long-range structural determinants in
Ad E1A that facilitate the interactions and perhaps allow
the interaction of one partner to influence (either posi-
tively or negatively) the binding of one or more other
cellular proteins. This is the first structural study of Ad
E1A with an interacting protein. The results presented
here clearly indicate our approach has provided novel
data. However, more extensive investigations will be
required to elucidate the structural consequences for
E1A of interactions with other cellular components.
MATERIALS AND METHODS
Expression and purification of Ad12 266-a.a. E1A
The larger Ad12 266-a.a. E1A protein was expressed and
purified as described (Grand et al., 1998). In this present
study, between 3.0- and 5.0-L cultures of Escherichia coli
strain TG2 transformed with the pkk 388-1 expression vec-
tor encoding Ad12 266-a.a. E1A were typically cultured on
full-nutrient medium. Bacterial cultures were also cultured
on a minimal medium (M9 salts) containing 1.0 g/L 15NH4Cl.
Cultures were induced for 3 h in the presence of 0.5 mM
IPTG and harvested by centrifugation. Pellets were resus-
pended in 15 mM Tris–HCl, pH 7.4, and 15 mM bME con-
taining 8.0 M urea. E1A was precipitated with EtOH and
purified to homogeneity by chromatography as described
(Grand et al., 1998). After prolonged dialysis under nonde-
naturing conditions, the pure protein was considered to
have adopted a native conformation based on its ability to
bind CtBP (see above) and other well-characterized partner
proteins (Grand et al., 1998).
N-terminal truncation of Ad12 266-a.a. E1A
The C-terminal 77-amino-acid polypeptide fragment of
E1A was prepared by limited proteolysis of Ad12 266-a.a.
E1A at Tyr189 using chymotrypsin as described (Grand et al.,
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164 MOLLOY ET AL.1998). Typically, between 9 and 15 mg of Ad12 266-a.a. E1A
or isotopically 15N-labeled material was incubated at 30°C
n 50 mM Tris–HCl, pH 8.0, and 0.1 mM bME for 120 min in
he presence of 1:1000 (w/w) chymotrypsin. The reaction
as stopped by the addition of the protease inhibitor
EBSF to a final concentration of 1 mM. The digest was
pplied directly to a DE-52 ion-exchange column (3.0 3 1.0
m) equilibrated with 10 mM NH4HCO3 (pH.7.9). Ad12 77-
.a. E1A was separated from undegraded or partially de-
raded material by elution with a gradient of NH4HCO3
(0–0.3 M). Fractions containing Ad12 77-a.a. E1A were de-
tected by Western blotting and lyophilized. Typical yields of
the E1A fragment were about 2–4 mg.
Expression and purification of GST proteins
FIG. 7. Heteronuclear two-dimensional NMR spectra of Ad12 77-a.a. E
of Ad12 266-a.a. E1A recorded at 290K on a sample of polypeptide of c
from the C-terminus of Ad12 266-a.a. E1A recorded in the presence of
the backbone nitrogen correlations to the backbone amide protons of G
perturbed by the addition of GST–CtBP but were not assigned to partiCtBP-1 was expressed from the pGEX-5X-3 vector (a
generous gift from Professor G. Chinnadurai, Universityof St. Louis) as a fusion protein with glutathione S-
transferase transfected into Escherichia coli strain TG2.
GST–CtBP was eluted from glutathione-agarose in the
presence of 25 mM glutathione and purity was deter-
mined by SDS–PAGE and Western blotting. Glutathione
S-transferase from Schistosoma japonicum was ex-
pressed from the pGEX-2T vector (Amersham Pharmacia
Biotech, Buckinghamshire, U.K.) transformed into Esch-
erichia coli strain DH5a and purified as described ear-
lier.
ELISA in vitro binding asays
Binding interactions between E1A polypeptides and
CtBP were assessed by ELISA as described (Grand et
al., 1998; Molloy et al., 1998). Ninety-six-well plates were
1H-15N-HSQC spectrum of the 77-residue fragment from the C-terminus
ration 200 mM. (B) 1H-15N-HSQC spectrum of the 77-residue fragment
tBP (50:1 mol/mol). The residues labeled 1, 2, and 3 are attributed to
al254, and/or Val256 and Leu259, respectively. Peaks labeled 4 and 5 were
mino acids.1A. (A)
oncent
GST–Ccoated with purified Ad12 266-a.a. E1A (0.05 mg/well) or
Ad12 77-a.a. E1A (0.05 mg/well) at 4°C for 16 h. Wells
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165BINDING OF CtBP-1 TO Ad12 E1Awere blocked with 5% nonfat milk in PBS at 37°C for 30
min. The plates were then washed three times in PBS
containing 0.1% Tween 80 (PBST). GST proteins were
added to give final concentrations of between 0.06 and
30 mg/well and incubated at 37°C for 1 h. After washing
(three times in PBST), plates were incubated for 1 h in the
presence of a goat polyclonal antibody raised against
GST (200 ml of a 1:5000 dilution per well; Amersham
Pharmacia Biotech). Plates were again washed (three
times in PBST) and incubated with an HRP-linked anti-
goat IgG (200 ml of a 1:5000 dilution; Dako, Buckingham-
shire, U.K.). After further washing (three times in PBST)
100 ml of O-phenylethylene dihydrochloride peroxidase
substrate (OPD; Sigma, St. Louis, MO) was added and
bound GST protein was detected by measuring the ab-
sorption at 492 nm using a Bio-Tek microtiter plate
reader (Bio-Tek Instruments Inc., U.S.A.).
Interaction of Ad12 E1A and CtBP on nitrocellulose
membranes
Binding of CtBP to fragments of Ad12 E1A was inves-
tigated on nitrocellulose membranes. Ad12 E1A (30 mg)
was incubated with either trypsin (1/1000 w/w) or chy-
motrypsin (1/1000 w/w) at 30°C in 50 mM Tris, pH 8.0,
and 0.5 mM DTT. At appropriate times aliquots were
withdrawn from the reaction mix and proteolysis stopped
by the addition of SDS sample buffer. Samples were
fractionated by SDS–PAGE and proteins/polypeptides
were electrophoretically transferred to nitrocellulose
membranes. After transfer, membranes were incubated
in nonfat milk (5% w/v in PBS) for 30 min and then in a
solution of CtBP–GST in nonfat milk (2 mg/ml) for 2 h at
oom temperature. After washing in PBS containing 0.1%
ween (PBST) membranes were incubated in antibody
gainst human CtBP1 (mouse monoclonal M1/M18 di-
uted 1:10). After 2 h membranes were washed with PBST
nd incubated in HRP-labeled anti-mouse IgG. After a
inal washing with PBST antigens were visualized with
CL. Ad12 E1A polypeptides were detected on Western
lots with rat tumor-bearer serum diluted 1:1000.
luorescence spectroscopy
Intrinsic fluorescence measurements were recorded
sing a Perkin–Elmer L5–50B luminescence spectrome-
er in 1-cm-path-length quartz fluorescence cuvettes con-
aining 5 0 mM Tris–HCl, pH 7.4, and 2 mM DTT at 23°C.
he excitation wavelength was set to 265 nm and the
mission intensity resulting from tyrosine residues within
he CtBP moiety of the GST–CtBP fusion protein was
onitored between 285 and 440 nm. E1A polypeptides
ere added to samples of 1 mM GST–CtBP, to give final
oncentrations of between 0 and 2.5 mM from stock
olutions of between 50 and 200 mM. Control experi-
ents to assess the effect of E1A polypeptide on the
luorescence of GST were also performed. All titrations Fere performed in triplicate and spectra were corrected
or dilution and contribution to emission intensity of
ackground E1A polypeptide.
ircular dichroism (CD) spectroscopy
All CD spectra were recorded on a Jasco J-600 spec-
ropolarimeter at 23°C using a 10-mm-path-length cu-
ette. Each spectrum represents the average of 20 scans
cquired on samples of E1A polypeptides at a concen-
ration of 0.015 mg/ml in 15 mM Tris–HCl, pH 7.4, in the
bsence and presence of 20% (v/v) trifluoroethanol.
MR spectroscopy
All NMR spectra were recorded on a Bruker AMX500
pectrometer operating at 500.13 MHz on samples of
sotopically 15N-labeled truncated E1A and isotopically
nlabeled full-length Ad12 E1A of concentrations be-
ween 100 and 200 mM in 50 mM MES, pH 6.7, containing
5 mM deuterated DTT. One-dimensional experiments
used a gated presaturation pulse of 1.5 s for accumula-
tion over a 5500-Hz sweep width at an ambient probe
temperature of 290K with a 90° pulse of 5 ms. Two-
imensional 1H-15N-HSQC experiments were performed
using the F-HSQC pulse sequence (Quirk et al., 1999),
with a relaxation delay of 1 s between each scan. The
sweep width was 1723 Hz in the 15N-dimension and 7575
z in the 1H-dimension. Data points were collected,
some 4K in the direct dimension and 256 rows in the
indirect dimension. 15N-HSQC spectra of 256 scans were
cquired over a range of the E1A fragment, with GST–
tBP ratios of between 150:1 and 25:1.
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